We have used a strategy for colocalization of Psi (⌿)-tethered ribozymes and targets to demonstrate that ⌿ sequences are capable of specific interaction in the cytoplasm of both packaging and nonpackaging cells. These results indicate that current in vitro dimerization models may have in vivo counterparts. The methodology used may be applied to further genetic analyses on ⌿ domain interactions in vivo.
All retroviruses require packaging of two genomic RNAs for infectivity. The viral sequences that direct correct encapsidation, known as the psi (⌿) element, are located in the 5Ј end of the genomic RNA beginning downstream from the primer binding site and extending into the 5Ј gag coding region of the viral RNA (1, 4, 16, 23) . Extracted retroviral genomic RNAs of various origins have been shown by electron microscopy to be linked close to their 5Ј ends in a parallel orientation, forming dimers (5, 15, 18) ; the dimerized region maps within the ⌿ element. Sequences within the ⌿ element forming a series of conserved stem-loops have been shown to be capable of dimer formation under appropriate in vitro conditions. Deletion or modification of these sequences in the context of the virus have effects on encapsidation or infectivity, depending on the exact mutation. Consequently, dimerization is thought to be required in vivo both in selective encapsidation of unspliced viral genomic-length RNAs and in the early steps of replication occurring immediately postinfection.
In Moloney murine leukemia virus (MoMuLV), in vitro analyses have demonstrated that dimerization can occur in the absence of virally encoded proteins under appropriate salt and temperature conditions (11, 19, 22) . Kinetic studies suggest that dimerization is a multistep process involving a series of intermolecular associations between structured elements in the ⌿ domains. The addition of the MoMuLV nucleocapsid protein 10 (NCp10), derived from the gag precursor in vivo, stimulates the in vitro formation of dimers (7) . Thus far, stimulation of dimer formation by NCp10 is confined to subgenomic RNAs, and no in vitro dimerization of full-length viral genomic RNAs has yet been observed. Based upon the in vitro observations, it is believed that formation of stable dimers of genomic viral RNAs in vivo requires virally encoded gag protein(s).
In order to investigate the in vivo mechanics of the dimerization reaction, we have devised a ribozyme strategy which takes advantage of the demonstrated virion colocalization of ⌿-tethered ribozyme and targets (21) . We wished to determine whether or not the ⌿ element would allow ribozyme-target colocalization in the cytoplasm of the infected cell independent of packaging, and if so, whether viral proteins were required for this process. The experimental design therefore is dependent upon the formation of heterodimers between the ribozyme-encoding RNAs and the target RNAs. Many factors could bias the formation of homodimers over heterodimers, including the nature of the ⌿ element, the levels of transcripts, and the coexpression of transcripts. To address this problem, we have designed target and ribozyme retroviral vectors derived from the MoMuLV vector pLNL-6 (1) (Fig. 1A) which utilize antibiotic resistance markers to monitor transfection efficiency. All of the constructs are deficient in the coding regions for pol, env, and the major part of the gag gene but retain the sequences known to be required for dimerization and packaging (the ⌿ region) (Fig. 1A) . Each contains the MoMuLV long terminal repeats (LTRs) which direct transcription of only a single RNA initiating in the 5Ј LTR and terminating in the 3Ј LTR (Fig. 1A) . For clarity, pLNL-6 is referred to as p⌿neo. An additional pair of constructs derived from pLNL-6 have the neo gene replaced by the hygro gene, maintain the MoMuLV ⌿ sequences, and have either a functional anti-neo ribozyme (p⌿hygRbz) or a ribozyme crippled by a double point mutation (p⌿hyg*Rbz) ( Initially, we wished to ascertain whether or not the ribozyme targeting would give a readily discernible phenotype. The ribozyme and target retroviral vectors were transfected and/or cotransfected into the murine retroviral PA317 (ATCC) packaging cell line to take advantage of constitutively produced viral proteins that enhance the dimerization of the viral RNAs in vitro (8, 9) . The PA317 cell line is a derivative of NIH 3T3 mouse embryo fibroblasts carrying truncated mouse retroviral DNA (lacking the ⌿ element, the 3Ј LTR, and part of the 5Ј LTR) and the herpes simplex thymidine kinase (TK) gene (both in pBR322). To ensure maintenance of the packaging phenotype, PA317 cells were reselected with HAT (hypoxanthine, aminopterin, and thymidine). The PA317 cells were maintained in Dulbecco-modified minimum essential medium (DMEM)-high glucose (Irvine Scientific) supplemented with 10% fetal bovine serum. PA317 cells (10 5 cells) were plated into 60-mm tissue culture dishes (Falcon) 24 h prior to transfection, and the medium was changed 5 to 6 h before transfection. Cells were transfected according to the manufacturer's protocol for Cell Phect (Pharmacia Biochem) by using the following plasmid combinations: (i) p⌿neo alone, (ii) p⌿neo plus p⌿hygRbz, and (iii) p⌿neo plus p⌿hyg*Rbz (2:1 ratio of Rbz to target vectors; 9 g of total plasmid DNA). Cells were subjected to a glycerol shock after 16 h. Selection was begun 24 h later in medium containing 500 g of G418 (Media-tech)/ml plus 50 g of hygromycin/ml after trypsinization, dilution, and replating. Selection was continued until well-isolated colonies appeared (3 to 5 weeks). The results from transfections carried out in triplicate are presented in Fig. 3 . The number of stably transfected G418-resistant colonies was reduced approximately 100-fold in the presence of the functional ribozyme and 2-fold in the presence of the crippled ribozyme relative to colonies arising after transfection with p⌿neo alone. These results are consistent with a specific ribozyme effect.
In order to verify that the reduction in G418-resistant clones was a consequence of ribozyme-mediated destruction of the neo transcript and was not due to nonspecific toxicities, we carried out an experiment using the same constructs but scoring separately for G418 and hygromycin resistance (Fig. 4) . To assay for colocalization, one ribozyme and one target construct were cotransfected into target cells in all four combinations as above (for ⌬⌿ construct, see below). After transfection, the cells were divided equally, and one half was subjected to G418 and the other half to hygromycin B (50 g/ml; Sigma) selection. Since only the ribozyme and mutant ribozyme constructs carry the hygro gene, the number of hygromycin-resistant colonies serves to normalize the transfection efficiencies. In all cases, the numbers of hygromycin-resistant clones were similar, regardless of the combination of vectors used in the transfections (Fig. 4) . The number of G418-resistant colonies monitored neo gene expression from the target vectors. As observed in the first set of experiments, the functional ribozyme severely inhibited the formation of G418-resistant colonies, whereas the mutant ribozyme had little effect. Con- The sequence of the anti-neo hammerhead ribozyme insert is CTA GAG GAT CCA CCA TGG TTG ATC AGC ATG CGG CGA CTG* ATG AGT CCG TGA GGA CG*A AAC CGT AAA GCA CGA GGA AGC GGT CAG CCC AT. In the mutant ribozyme construct, two point mutations were created in the catalytic domain of the hammerhead ribozyme by substituting thymidines for guanosines at the indicated ‫)ء(‬ positions. p⌬⌿neo (D) was constructed by removing a SpeI-BclI fragment (nucleotides 870 to 1625; GenBank accession no. M63653), which contains most of the ⌿ sequence, from pLNL-6.
FIG. 2.
Pairing of the anti-neo ribozyme with its target in LNL-6. The ribozyme cleavage site in the neo transcript is between nucleotides 2391 and 2392 in the pLNL-6 sequence and is approximately 1,800 nucleotides downstream of the start point of transcription. Since the ribozyme cloning site in the p⌿hygRbz vector was constrained to a site just downstream of the hygro coding region, the neo target site was chosen to position it at the same relative distance from the messenger cap site as the ribozyme, to enhance the probability of the ribozyme pairing arms interacting with the target sequence in the dimerized RNAs. The ribozyme has asymmetric base pairing, with 6 bp in stem I and 32 bp in stem III. The long stem III facilitates the ribozyme and target association, whereas once cleavage has taken place, the short stem I facilitates rapid product dissociation and possibly hastens the ultimate degradation of the cleaved RNA (16) . To control for ribozyme versus antisense activity, we generated a mutant, inactive version of the anti-neo ribozyme and inserted it in place of the functional ribozyme in p⌿hyg*Rbz (Fig. 1C) . sequently, nonspecific effects of dimerization, such as interference with translation, cannot be solely responsible for the reduction in G418-resistant colony formation; otherwise, significantly fewer hygromycin-resistant colonies would arise in the p⌿neo-p⌿hygRbz than in the p⌬⌿neo-p⌿hygRbz combination. Likewise, the modest reduction in G418-resistant colonies in the mutant ribozyme transfections supports this view.
In order to examine the role of the ⌿ region in ribozyme targeting and efficacy, a 752-base segment of pLNL-6 encompassing sequences known to be required for dimerization and packaging of the viral RNAs was deleted by cleaving the unique SpeI and BclI sites in the vector, filling in the ends, and blunt-end ligating them together. We refer to the construct with ⌿ deleted as p⌬⌿neo (Fig. 1D) . To assay for colocalization, one ribozyme and one target construct were cotransfected into PA317 cells in all four combinations, along with single transfection controls. The assay is based on the premise that if in vivo ⌿-dependent colocalization occurs intracellularly, fewer G418-resistant colonies should form when the ribozyme vector is cotransfected with the ⌿-containing target than when it is cotransfected with the ⌬⌿ target, due to enhancement of ribozyme activity via ⌿-dependent colocalization with the target. The numbers of G418-and G418-and hygromycin-resistant colonies were scored (Fig.  5) . Once again there was a marked reduction in the number of G418-resistant clones obtained when the p⌿neo target was cotransfected with p⌿hygRbz, compared to p⌿hyg*Rbz. Most importantly, the dramatic reduction in G418-resistant colonies was lost following removal of the ⌿ element from the target vector (p⌬⌿neo-p⌿hygRbz). Removal of the ⌿ sequence from the target did not affect the number of G418-resistant stable clones obtained, showing that the presence or absence of the ⌿ sequence itself does not affect neo gene expression (Fig.  5) . Consequently, colony formation cannot be due to viral spread or superinfection. Moreover, the variation in the number of hygromycin-resistant colonies generated by p⌿hyg* RBZ and p⌿hygRBZ is always less than twofold, regardless of the cotransfected target. The same is true whether hygromycin selection alone (Fig. 4) or hygromycin and G418 selection is used ( Fig. 5 ; compare p⌿neo-p⌿hyg*Rbz, p⌬⌿neo-p⌿hyg* Rbz, and p⌬⌿neo-p⌿hygRbz). We conclude from these results that ⌿-directed association of retroviral RNAs occurs intracellularly prior to viral encapsidation.
Dimerization of retroviral RNA can occur independently of nucleocapsid protein in vitro (14) . In order to evaluate the role of nucleocapsid proteins in dimerization as measured by ribozyme-mediated inactivation of the neo transcript in vivo, we repeated the transfection assay using the human 293 nonpackaging cell line. The protocol was identical to that used with PA317 cells, except that cells were glycerol shocked 6 h posttransfection. The results obtained from these transfection experiments suggest that intracellular dimerization and consequent ribozyme-target colocalization can occur in the absence of the viral nucleocapsid proteins, albeit less efficiently than in their presence (Fig. 6A) . The data from the 293 cell transfections confirm that the presence of the ⌿ element is essential for this process (Fig. 6B) .
Sullenger and Cech (21) demonstrated ⌿-dependent colocalization of a retroviral vector RNA expressing a ribozyme with a ⌿-tethered lacZ target. Their results demonstrated that copackaging of these two RNAs into virions resulted in reduction of the titer of lacZ transduction by 90%, clearly a function of ribozyme destruction of the target RNA. They were unable to detect ribozyme-mediated reduction of LacZ activity in the cell cytoplasm and saw the ribozyme effect only after virion packaging and transduction of target cells. A difference between their experimental approach and ours was that their target RNA was expressed from a stably transformed cell line, and the ribozyme-encoding viral vector was transduced into these cells. In contrast, we cotransfected the two DNAs into the same cells, thereby allowing coordinated expression of the RNAs and increasing the likelihood that the ⌿ elements from the two vectors could interact. In addition, we have shown that Ͼ90% of the transcripts generated by pLNL6 (p⌿neo) and derivatives containing other ribozymes are unspliced and therefore contain the entire ⌿ domain, which optimizes chances for colocalization in these experiments (24) .
The ⌿ elements of retroviruses are required for the production of functional virions by virtue of their intrinsic ability to dimerize. A combination of chemical probing data, sequence analysis of related viruses, and computer folding was used to predict a complex secondary structure for the MoMuLV domain (2, 22) containing 10 stem-loop structures. Based on the predicted structure and further in vitro data, Girard et al. (11, 12) proposed a model for a sequential series of intermolecular interactions between ⌿ domains leading to dimerization. First, transient intermolecular pairing between complementary sequences in loops 1 and 4 and loops 2 and 5 promote weak association of genomic RNA monomers. This association is thought to bring the critical C 278 -to-G 303 stem-loop into apposition and induce a conformational rearrangement where the stem-loop opens, facilitating loop-loop annealing by the internal autocomplementary sequence 5Ј-U 288 AGCUA 293 -3Ј and formation of a more stable dimer. Kinetic analyses of ⌿-mediated dimer formation in the presence of NCp10 shows that the protein does not modify the steps in dimerization but rather lowers the energy barrier to the annealing step by destabilizing the critical C 278 -to-G 303 stem-loop (11, 12) . In the present study, we observe ⌿-mediated association (as measured by ⌿-dependent ribozyme activity) in both packaging and nonpackaging cell lines. Since gag-derived proteins, including NCp10, are absent in the nonpackaging line, the observed ribozyme activity reflects gag-independent ⌿ interactions. Therefore, our results are consistent with the existence in vivo of the weak interactions in the first step of dimerization proposed in the above model. One possibility is that this interaction occurs within the nucleus, perhaps transiently, facilitating ribozyme cleavage prior to nucleus-to-cytoplasm transport. A second possibility (the two are not mutually exclusive) is that the ribozyme-target association occurs in the cytoplasm in a manner that allows both translation of resistance proteins and ribozyme cleavage. Certainly, the ⌿ association itself does not appear to be inhibitory to translation (since hygromycin resistance is unaffected by any of the constructs and the mutant ribozyme has only a weak inhibitory effect on G418 resistance). This would be consistent with the existence of a weak interaction, as it is difficult to imagine that translation could proceed effectively through the fully stabilized dimer structure. It is possible that a changeover from translation to packaging of the viral genomic sequences during the latter stages of the viral replication cycle might reflect a transition from the formation of loose dimers to tight (gag-dependent) dimers.
The results presented here demonstrate that ⌿-mediated ribozyme-target heterodimers can be formed quite efficiently and that such heterodimerization can occur independently of packaging. Thus, our ⌿-ribozyme system could serve as a model for examining critical components and steps of the dimerization and subsequent packaging reactions in vivo. Since all known retroviruses have dimerization domains, these analyses could be carried out on other retroviruses, including the lentiviruses, and could conceivably be used for the development of inhibitory trans-acting sequences which compete with normal dimerization. These studies may also prove to be a useful paradigm for studying other intracellular RNA dimerization, and consequently RNA-RNA annealing reactions (3, 10, 17, 20) .
